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Rodenticides and pesticides pose a significant threat not only to the environment but also directly to humans by way
of accidental and/or intentional exposure. Metal phosphides, such as aluminum, magnesium, and zinc phosphides,
have gained popularity owing to ease of manufacture and application. These agents and their hydrolysis by-product
phosphine gas (PH3) are more than adequate for eliminating pests, primarily in the grain storage industry. In addition
to the potential for accidental exposures in the manufacture and use of these agents, intentional exposures must
also be considered. As examples, ingestion of metal phosphides is a well-known suicide route, especially in Asia;
and intentional release of PH3 in a populated area cannot be discounted. Metal phosphides cause a wide array of
effects that include cellular poisoning, oxidative stress, cholinesterase inhibition, circulatory failure, cardiotoxicity,
gastrointestinal and pulmonary toxicity, hepatic damage, neurological toxicity, electrolyte imbalance, and overall
metabolic disturbances. Mortality rates often exceed 70%. There are no specific antidotes against metal phosphide
poisoning. Current therapeutic intervention is limited to supportive care. The development of beneficial medical
countermeasures will rely on investigative mechanistic toxicology; the ultimate goal will be to identify specific
treatments and therapeutic windows for intervention.

Keywords: rodenticide; phosphine; systemic poison; reactive oxygen species; mitochondria

Introduction

Tens of thousands of toxic industrial compounds
(TICs) are synthesized each year in chemical pro-
duction facilities throughout the world. We come
into contact with many of these TICs on a daily
basis, risking exposures that range from nontoxic
to highly toxic. Exposure can occur through der-
mal or ocular exposure, inhalation, ingestion, or a
combination of these routes. However, research into
the toxicological mechanisms and the development
of specific medical countermeasures is problematic,
simply because of the overwhelming numbers of
TICs and the lack of technically trained personnel,
facilities, and funding.

A major component of TIC exposures is the
widespread use of pesticides, rodenticides, and
fumigants that are vital for preservation of food,

such as grains, that can be stored in confined spaces
for days or weeks at a time. Globally, metal phos-
phide rodenticides, such as aluminum (AlP), mag-
nesium (Mg3P2) and zinc phosphides (Zn3P2), are
used to protect food from insects and rodents. The
serious problem with metal phosphides is that they
degrade under aqueous conditions, producing the
deadly gas phosphine (PH3), although, unlike the
previously popular pesticide methyl bromide, PH3

readily degrades to more environmentally favorable
compounds and does not deplete the ozone layer.1

While most fatal PH3 exposures are uninten-
tional, metal phosphide pellet ingestion has been
used intentionally as a means of suicide in sev-
eral Asian countries and in Europe. A recent report
of phosphine poisonings in Europe indicated that
approximately 28% were by intentional ingestion

doi: 10.1111/nyas.13081
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Table 1. Clinical and pathological signs of metal phosphide intoxication

Basic clinical

signs Cardiac signs Pulmonary signs Systemic effects Metabolic effects

Neurological

symptoms

Shortness of

breath

Tachycardia Pulmonary

edema

↓ Blood pressure ↑Lipid peroxidation Narcosis

Cough Bradycardia Acute respiratory

distress

syndrome

Acute renal damage ↑SODa Excitotoxicity

(hyperac-

tivity)

Jaundice QRS broadening Atelectasis Acute liver injury ↓Catalasea Lethargy

Fatigue ST segment

elevation

Emphysema Hemolysis ↓Serum AChE Tremor

Dizziness Ventricular

ectopic beats

Hypokalemia Dizziness

Vomiting ↓Ejection

fraction

Hypomagnesemia Parathesis

Nausea Hypokinesia Hypoxia

Diarrhea ↑ Multiorgan failure

Hypoglycemia

Hepato/splenomegaly

Note: This table lists many of the exposure–response effects of metal phosphide toxicity. In general, not all signs are prominent in
patients admitted to the clinic.
aEnzymes determined in rat brain experimental model.32

and 65% were by accidental inhalation.2 When
phosphides or PH3 is ingested or inhaled, respec-
tively, it can cause significant mortality, up to 90%
according to some published accounts. For instance,
a case report of 408 patients who attempted sui-
cide by ingesting AlP showed a mortality rate of
over 77%.3 At the occupational level, PH3 or metal
phosphide production workers are most likely to
be exposed to higher levels of gas. PH3 is used
in the production of pharmaceuticals, flame retar-
dants, oil additives, and organophosphines that are
used as a coating for silicon crystals in semicon-
ductor manufacturing.4 Metal phosphides are also
used in the fumigation of grain stores in ships, rail
cars, and storage facilities. In a 2014 report, four
counties in California used nearly 372 tons of phos-
phides from 2006 to 2010 to protect fruits, nuts,
grasses, vegetables, and grains.5 In addition, toxic
off-gassing, widespread use, and ease of retail access
to the PH3-producing rodenticides have increased
concern over its potential as a terrorist threat agent
against targeted populations. Metal phosphide tox-
icity has been extensively reviewed by Proudfoot.6

Metal phosphides and their hydrolysis by-
products are not only a grave health concern for
exposed individuals. The emission of gases from the
bodies and clothing of exposed individuals is also

a major issue for medical staff and first responders.
PH3 off-gassing from patients or cadavers follow-
ing the ingestion of metal phosphides presents a
potential occupational hazard and decontamination
dilemma with regard to exposing medical person-
nel. Lawler and Thomas reported the occurrence of
fumes from cadavers up to 12 h after the body was
removed.7

PH3 is a highly toxic metabolic poison affecting
all major organ systems (Table 1). The purpose of
this review is to highlight the complexities of PH3

exposure as it relates to metabolic toxicity. Since
the degradation of metal phosphides results in the
liberation of PH3 gas, these terms will be used inter-
changeably in this review.

Physical characteristics

PH3 gas (MW = 34) is the hydrolysis by-product
of the metal phosphide pesticides AlP, Mg3P2, and
Zn3P2. When AlP, Mg3P2, or Zn3P2 pellets are spread
and come into contact with water or acids, they form
PH3 gas (Eqs. 1–6); a 3-g pellet can produce 1 g of
PH3 gas.8

AlP + 3H2O → PH3 + Al(OH)3 (1)

AlP + 3H+ → Al3+ + PH3 (2)
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Table 2. Physical properties of phosphine

CAS number: 7803-51-2

Structural formula: PH3

Formula weight: 34.00

Boiling point: −87.7°C

Gas density, 20°C: 1.17

Specific gravity, gas, 20°C: 1.185

Vapor pressure: 2.93 × 104 mmHg at 25 °C

Solubility: Slightly soluble in water. Soluble in

alcohol, ether, and cuprous

chloride solution.

Color: Colorless

Odor: Fish- or garlic-like odor due to

impurities (pure compound is

odorless).

Odor threshold: 0.03 ppm (200 ppm for pure)

Conversion factors: 1 ppm = 1.41 mg/m3

1 mg/m3 = 0.71 ppm (20 °C, 760

mmHg)

Reprinted, with permission, from Ref. 69.

Zn3P2 + 6H2O → 3Zn(OH)2 + 2PH3 (3)

Zn3P2 + 6H+ → 3Zn2+ + 2PH3 (4)

Mg3P2 + 6H2O → 3Mg(OH)2 + 2PH3 (5)

Mg3P2 + 6H+ → 3Mg2+ + 2PH3 (6)

In aqueous solutions, further oxidation products,
such as phosphinic, phosphonic, and phosphoric
acids, are formed (Eq. 7):9

PH3 → P(O)H3 → H2P(O)H → (O)(OH)2

→ HOP(O)(OH)2 (7)

PH3 is a colorless and odorless gas, but impurities
in the pellet-manufacturing process have led to the
odor of garlic or fish being ascribed to it. It is misci-
ble in water, acids, oils, and fats. It is a reductant and
forms coordinate bonds with metals. It is flammable
when mixed with oxygen. The vapor pressure of PH3

at 25 °C is 22.93 × 104 mmHg. At 1 atm and 25 °C,
1 ppm PH3 is equivalent to 1.4 mg/m3 and is approx-
imately 1.2 times heavier than air. See Table 2 for
additional physical properties.

Exposure physiology

Exposure to PH3 causes a host of systemic reactions
that usually result in severe cellular, tissue, and organ

damage and, ultimately, death. Health effects from
inhaled PH3 may become evident at levels as low
as 5.0–10.0 ppm over several hours,10 and in solid
form a dose as low as 1.5 g is believed to be fatal
to humans.11 Most deaths occur within the first 12–
24 h after exposure. A significant number of expo-
sures result from the suicidal use of fumigant pellets
via ingestion. Published reports indicate that, fol-
lowing ingestion, metal phosphide fumigants pro-
duce PH3 gas in the gut, which is absorbed through
intestinal mucosa and into the bloodstream, thereby
distributing throughout the body. Most of the exper-
imental studies in rodents mimicked the most com-
mon route of human exposure, pellet ingestion. As
such, much of the physiological responses mirror
quite closely those observed in intentional human
exposure situations.

Cardiac
The heart is thought to be one of the major tar-
get organs of PH3 toxicity, with circulatory failure
and shock being very common. Work done in rats
by Lall et al.12 with intragastric challenge with AlP
showed severe myocardial necrosis. Both tachycar-
dia and bradycardia were also observed. Pericarditis
has also been observed in cases of metal phosphide
exposure.13 The effects of metal phosphide expo-
sures are demonstrated by shifts in cardiac conduc-
tion anomalies, such as ST segment elevation and
QRS broadening. Dysrhythmic abnormalities can
reflect disturbances in impulse initiation and prop-
agation, resulting in conduction blockage and reen-
trant rhythms such as ectopic beats. Siwach et al.14

showed that metal phosphide ingestion caused ven-
tricular fibrillation, 2° AV heart block, and, in some
instances, complete 3° heart block. Case reports
have provided data on marked depressed ejec-
tion fraction as low as 10–20%, along with global
hypokinesis.15,16 Additionally, systemic blood pres-
sure drops within minutes of exposure as a result of
vascular collapse and cardiac arrest.17 Postmortem
reports from individuals exposed to phosphide off-
gassing include descriptions of inflamed mitral and
aortic valves, myocardial necrosis, and fragmented
fibers.18

Neurological
Neurological changes have been associated with
metal phosphide toxicity. Neuronal damage is man-
ifested by ataxia, vomiting, nausea, tremor, and
paresthesia.18 Phosphine exposure was reported to
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decrease serum acetylcholinesterase (AChE) activ-
ity, but not brain AChE activity, in patients after
metal phosphide ingestion.19 The increased pres-
ence of acetylcholine could result in hyperactivity
and possibly in excitotoxicity. Exposure to phos-
phine can also result in agitation, convulsions, and
twitching in humans.20 To our knowledge, there
have been no reports of long-term cognitive effects
following metal phosphide exposures.

Pulmonary
Data on the direct consequences of an inhaled
challenge of PH3 gas are limited. The effects of
PH3 toxicity have been observed in the respira-
tory tract of exposed individuals, especially con-
cerning shortness of breath and chest pain. Gre-
gorakos et al.21 present two case reports on the
effects of inhaled PH3. Chest-sound assessment of
the lungs revealed diffuse bilateral mid- and end-
expiratory rales. Chest X-rays showed diffuse infil-
trates in the midlung and lung peripheral regions.
Dyspnea, tachypnea, and, on occasion, pulmonary
edema have been found to be dominant characteris-
tics from metal phosphide exposures.22 Pulmonary
edema, atelectasis, and emphysema have also been
reported in patients following exposure.23

Systemic
Blood chemistries in patients admitted to the clinic
display decreases in pH and plasma bicarbonate lev-
els consistent with metabolic acidosis. Acute res-
piratory distress syndrome,24 hepatic damage and
hypoglycemia,25 and multiple organ failure26 have
also been described in patients following metal
phosphide exposure. Hypoglycemia can be severe
and continual, resulting from disrupted gluconeo-
genesis and glycogenolysis.25 Clinical presentations
following metal phosphide poisoning indicated the
presence of jaundice resulting from intravascular
hemolysis and hyperbilirubinemia.27 Hypokalemia
due to excessive vomiting is also a critical clinical
factor after metal phosphide exposure.28 Hypomag-
nesemia has been reported in several cases, but not to
the extent observed with metal phosphide–induced
exposure on blood potassium levels.29

The biochemistry of exposure

Because of the availability, the widespread use
of metal phosphides, and the devastating health
outcome from exposure, numerous studies have
attempted to focus on the precise mechanisms of

metal phosphide toxicity, particularly on the direct
effects of PH3 gas. The findings from these stud-
ies can be grouped into two broadly interrelated
categories: oxidative stress and mitochondrial dys-
function, both of which are discussed below.

The role of oxidative stress
ROS and lipid peroxidation. Basic toxicological
disturbances have been described in relation to the
effects of metal phosphides and their off-gas prod-
uct PH3 on oxidative stress. Chemical models have
shown that the effects of phosphine gas are tied
to the generation of reactive oxygen species (ROS)
as well as to the inhibition of detoxifying enzyme
systems. In vitro studies have shown that PH3 can
reduce Fe3+ to Fe2+ in both cytochrome oxidase and
cytochrome c.30 Fe2+ in the presence of hydrogen
peroxide (H2O2) yields the ROS hydroxyl free radi-
cal (•OH), which is an important reactant and ini-
tiator of lipid peroxidation in Fenton reactions and
critical in the formation of highly unstable superox-
ide anions (•O2

−).
Phosphine-induced oxidative damage in rats

has been shown to cause a decrease in reduced
glutathione (GSH) levels and increases in lipid
peroxidation in the brain, lung, and liver.31 The
presence of lipid peroxidation products in the brain
is supported by studies in AlP-exposed rats. Dua
and Gill32 showed decreases in total and nonprotein
sulfhydryls in the rat cerebellum, cerebrum, and
brain stem. Intragastric administration of AlP in
rats has resulted in significant increases in malon-
dialdehyde (MDA), a marker of lipid peroxidation,
in rat cardiac tissue.12 Mouse liver MDA was also
increased following an intraperitoneal exposure to
PH3.11 The authors suggest that, after ingestion of
Mg3P2, the observed lipid peroxidation may have
been derived from direct reaction of PH3 with H2O2.
In a separate study, rat liver, lung, and brain had sig-
nificantly higher MDA concentrations following an
intraperitoneal injection of PH3 gas.33 These effects
were attenuated by pretreatment with the antioxi-
dant melatonin 30 min before the PH3 challenge.

Detoxifying systems. In addition to the decrease
in GSH, elements of the GSH redox cycle, such
as GSH reductase activity, were also reduced after
metal phosphide challenge in rats. However, in a
separate rat study by these same groups, there was
no change in catalase or glutathione peroxidase.32,33

Activities of the serum enzymes catalase and
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superoxide dismutase (SOD), which detoxify •O2
−,

forming H2O2, were decreased and enhanced,
respectively, in patients following exposure to AlP.34

DNA damage. An interesting effect of PH3 toxic-
ity is that 8-hydroxydeoxyguanosine (8-OH-dGuo),
an oxidation by-product of DNA guanine, was
increased by about 70% in the brain and 39% in the
liver.33 Because 8-OH-dGuo is a sensitive marker
of the presence of ROS and an important muta-
gen in DNA replication, its increased presence sug-
gests that the effects of metal phosphide toxicity
reach further than just simple target organ, tissue, or
cellular damage, but to nuclear and mitochondrial
DNA (mtDNA) as well. Electrophilic compounds
can become inherently mutagenic following their
metabolic conversion to reactive nucleophiles. In the
case of metal phosphide–induced mutagenesis, the
long-term effects on the downstream gene expres-
sion have not been epidemiologically and experi-
mentally addressed.

The role of mitochondria
Mitochondria are well known for their role in energy
production, redox control, calcium homeostasis,
and intermediary metabolism. Many of the over-
whelming toxic effects of metal phosphide exposure
may result from compromised metabolic function.
For example, several studies have shown that toxi-
city may be caused by the disruption or inhibition
of mitochondrial function involving inhibition of
cytochrome c oxidase activity.35,36

Mitochondria and ROS. In addition to their role
in energy metabolism, mitochondria play a signif-
icant role in the production of ROS and in the
activation of processes leading to cell death.37,38

Mitochondrial signaling is involved in what is
termed the intrinsic pathway of programmed cell
death, as opposed to the extrinsic pathway activated
mainly by extracellular signals. A wealth of pub-
lished work in recent years indicates that ROS play
an important role in pathophysiological processes,
especially with regard to the role of mitochondrial
cell signaling and biological outcome.38–40 ROS are
by-products of cellular respiratory activity and, for
the most part, are cleared or rendered nontoxic by
innate detoxification enzymatic processes, such as
manganese SOD (MnSOD). In fact, the conversion
of •O2

− to H2O2 via the matrix enzyme MnSOD
takes place in intact mitochondria. Loss of control

of •O2
− and H2O2 production has been shown to be

fatal in MnSOD knockout mice.41 If active electron
flow ceases through the respiratory chain, increases
in ROS production can easily overwhelm the detoxi-
fication system. According to Cadenas and Davies,40

steady-state •O2
− can be up to 10-fold higher in

the mitochondria than in the cytosol and nuclear
spaces. This is an important reservoir of ROS read-
ily available for discharge during ill-timed signaling
conditions.

Not only are mitochondria one of the major
sources of H2O2 and •O2

−, but they serve as targets
as well (Fig. 1).36,38,42 Resulting oxidative damage
can alter mitochondrial proteins, lipids, and DNA,
which gives rise to bioenergetic disorders and the
initiation of cell death.43 Oxidative damage in spe-
cific regions of the respiratory chain known as Rieske
Fe–S clusters, embedded in complexes I/II/III, can
increase •O2

− production in some cases by up to
fourfold.44–46 Mitochondrial matrix •O2

− is rapidly
transmutated by MnSOD into H2O2, which can dif-
fuse through membranes into the cytoplasm, where
it can act as a second messenger in nuclear factor
�B (NF-�B) regulation. NF-�B has been shown to
be critical in the role of tumor necrosis factor �
(TNF-�), macrophage inflammatory protein 2
(MIP-2), and interleukin 8 (IL-8), which are
elements of the proinflammatory cascade.47 In
humans, defects in oxidation, phosphorylation,
and/or abnormalities along any portion of the respi-
ratory chain complex mentioned above can result in
serious metabolic disorders that ultimately threaten
survival.48 Chen and Zweier49 provide an excel-
lent and extensive review of mitochondria and ROS
generation.

Mitochondria and cell death. Mitochondrial
membrane permeability is regulated through chan-
nels known as voltage-dependent anion channels,
which form complexes with adenine nucleotide
translocase in the inner membrane and with
cyclophilin D. This complex forms the mitochon-
drial permeability transition pore (MPTP) �� m.
The role of the �� m is to exchange metabolites
through the inner and outer mitochondrial mem-
branes. Compromised �� m opening is linked to the
initiation of apoptotic and necrotic processes. The
integrity of mitochondrial function and the regu-
lation of the MPTP opening are highly dependent
on several factors. As cells become stressed under
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Figure 1. A schematic representation of the mitochondrial respiratory chain, ROS formation, and phosphine toxicity. The
respiratory chain consists of specialized metal heme complexes such as complexes II, III, IV, and an ATP synthase known as complex
V. Complex I, ubiquinone, cytochrome c, proton pumps, membrane potential, and proton motive force are critical parts of electron
flow in the respiratory chain. Oxidative phosphorylation is carried out in the inner membrane by respiratory assemblies. From these
assemblies, two electrons from NADH are transferred to O2 by a series of electron carriers, starting with NADH dehydrogenase.
Electrons are transferred to the ubiquinone (also known as coenzyme Q (CoQ)) and then to the cytochrome c oxidase, a hemeprotein.
There are five cytochromes between CoQ and molecular O2: cytochromes b, c1, c, a, and a3. Cytochromes a and a3 are also known
as cytochrome oxidase. The production of ATP occurs at three sites: (1) between NADH and CoQ, (2) between cytochromes b and
c, and (3) between cytochrome c and O2. The inner membrane is impermeable to most molecules because of its high proportion
of phospholipids and cardiolipin. Transport proteins embedded in the inner membrane selectively incorporate metabolites into
the matrix and export ATP for biological processes. The matrix is the site of high energy–yielding reactions from the metabolism
of pyruvate and fatty acids derived from carbohydrates and other nutrients. Pyruvate and fatty acids that are transported into the
matrix help to generate a pair of electrons that have a high-energy transfer potential. These are carried by NADH and FADH2
(flavin adenine dinucleotide reduced form), which are formed in glycolysis, fatty acid oxidation, and the citric acid cycle. The
released high energy from this reaction is used to produce ATP through oxidative phosphorylation, which is a major metabolic
reaction in aerobic organisms. Oxidative phosphorylation is strongly coupled to fatty acid oxidation, which forms acetyl CoA, and
the citric acid cycle to produce the energy needed for aerobic cell metabolism. Respiratory assemblies are an integral part of the
inner membrane, whereas fatty acid oxidation and the citric acid cycle activity occur in the matrix. Flow of electrons causes an
electrochemical proton gradient under the control of the proton motive force for the production of ATP. During active respiration,
mitochondria produce a proton motive force across the inner membrane. This results in a negative charge inside, thereby producing
a pH gradient. Electron leakage from the respiratory chain from enhanced ROS production causes additional oxidative insult. If
active electron flow ceases through the respiratory chain, proton motive force collapses and ATP production discontinues. This
causes loss of membrane potential and release of additional ROS. The dashed arrows indicate the putative inhibition of critical
components of the respiratory electron transport chain by phosphine.

conditions of toxicant biological attack, BH3-only
signaling proteins are transcriptionally upregulated.
BH3-only proteins, such as BAD and BMF, are con-
sidered sensors of apoptosis and target antiapop-
totic proteins, such as BCL-2. Cytochrome c and
apoptotic proteins are released, which activates cas-
pases that cleave complex I of the respiratory chain.
Complex I is considered to be a primary source of
electron leak, with the subsequent release of •O2

−.47

As increased concentrations of ROS and/or intra-
cellular Ca2+ outpace neutralizing processes, they
can have an undesirable impact on the modulation
of MPTP. As more ROS are formed as a result of

�� m opening, apoptotic proteins are released, and
cytochrome c activates additional caspases into the
cellular milieu.

In studies with pesticide organophosphates, the
translocation of cytochrome c by parathion acti-
vated caspases 9 and 3.50 Xu et al.51 demonstrated
that trichlorfon caused cytochrome c release from
mitochondria, activating caspase 3 in cultured hep-
atocytes. Caspases are not the only toxic molecules
released during oxidative damage to cells or tissues.
The cytokine TNF-� can act on specific receptors
to promote either cell death or survival. Following
treatment with TNF-�, mitochondrial ROS activity
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is increased in a human embryonic kidney cell line,
suggesting that the extramitochondrial formation
of inflammatory cytokines can contribute to failed
mitochondrial metabolism.52 Inhibition along parts
of the respiratory chain can also trigger the accu-
mulation of electrons from highly reactive carriers
and load the cell with additional ROS. Additional
ROS can cause the oxidation of the mitochondrial
lipid cardiolipin, which is generated in response to
TNF-�–induced caspase 8 activation.

Normally, mitochondria amass and gradually
release Ca2+ to maintain specific gradients of
cytosolic Ca2+, a function that is critical to cell sur-
vival. However, very high intramitochondrial Ca2+,
when released into the cytosol as a result of dam-
age, can overwhelm the remaining intact mitochon-
dria, resulting in the collapse of the electrochemi-
cal gradient across the inner membrane and the
loss of the ability to produce ATP. It is thought
that mitochondria-derived ROS induce Ca2+ release
from ryanodine receptors on the endoplasmic retic-
ulum in endothelial cells.53 This series of events
eventually signals cells to self-destruct through
apoptotic or necrotic pathways. ATP is critical in
the regulation of apoptosis. The inability to control
programmed cell death leads to caspase-activated
necrosis and inflammation. For a more thorough
review of mitochondrial dysfunction, see Ref. 54.

Effects of PH3 on mitochondria. Numerous
reports show that mitochondrial metabolic home-
ostasis and detoxification processes are targets for
metal phosphide/PH3 assault.36,55–58 PH3 has been
shown to inhibit complex IV (cytochrome c oxidase)
of the respiratory chain in isolated mouse liver mito-
chondria and to lessen the strength of �� m.55,58

Metal phosphide exposure has been shown to alter
glucose homeostasis in the brain and liver. The brain
requires high metabolic rates and is dependent on
glucose for the maintenance of neural activity. Dua
et al.35 show that, in acute AlP exposure in rats, lac-
tate dehydrogenase (LDH) activity is increased in
the brain. This is highly indicative of the conversion
of aerobic metabolism to anaerobic metabolism and
signifies severe mitochondrial dysfunction. Accord-
ing to Dua et al.,35 increases in LDH activity result in
the reversible conversion of pyruvate to lactate and
reoxidation of NADH (nicotinamide adenine di-
nucleotide reduced form) to NAD+ (NAD oxidized
form) independent of mitochondrial electron trans-

port. Under these conditions, lactate accumulates
in the brain and may predispose animals to distur-
bances in central nervous system–derived functions.

Studies indicate that PH3 has a substantial effect
on the function of liver mitochondria in both
rodents and insects. Both produce H2O2 follow-
ing PH3 challenge. In rat liver mitochondria under
anoxic conditions and when ADP is diminished,
enough H2O2 can be formed to account for about
2% of the oxygen uptake.59 Inhibiting respiratory
chain activity using myxothiazol and antimycin
in insect mitochondria indicated that glycerophos-
phate dehydrogenase auto-oxidation is the source
of H2O2 production following PH3 challenge.60

Although PH3 affects the electron transport in
the cytochrome c cascade, another well-known
metabolic poison, cyanide, which is a classic exam-
ple of a respiratory chain toxicant, blocks electron
flow from cytochrome a and a3 (which make up
cytochrome c oxidase) to oxygen.61 However, ear-
lier work by Kashi and Chefurka30 indicated that,
under certain conditions, PH3 primarily inhibits
one component of the cytochrome aa3 complex (a
part of complex IV), such as cytochrome a, possibly
by changing the valence state of heme iron.

The toxicity of PH3 has been closely linked to the
availability and metabolic uptake of oxygen. Toxicity
is increased in the presence of oxygen and decreases
under anoxic conditions. Bolter and Chefurka55

showed that the toxicity of PH3 increases in more
aerobic environments as opposed to anaerobic con-
ditions. This is not a new phenomenon and has
been described in metal phosphide studies using
insects or PH3-resistant nematodes.57,61,62 A partial
explanation for the correlation of increased toxi-
city in normoxic environments may be the mass
action relationship between the rate of •O2

− forma-
tion and the concentration of electron donors [R·]
in the presence of oxygen. This is mathematically
described in Eq. (8).43

d[•O2
−]/dt = k[O2][R•] (8)

The balance between oxidant and antioxidant path-
ways determines the biological consequences of the
response. The intrinsic capacity of metabolically
compromised mitochondria to drive Eq. (8) to the
left during aerobic conditions may be the basic
thrust required for progressive PH3 toxicity and cell
death.
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Previous experimental and clinical data have
shown that the heart is a significant target of metal
phosphide toxicity. Whether this is a direct effect of
the ingested metal ligands, such as zinc, aluminum,
or the magnesium constituents of the phosphide, or
the result of toxic off-gas products has not been
experimentally determined. It is well established
that cardiac muscle is very rich in mitochondria
as a result of the high oxygen and energy demand
of heart tissue. This is distinct from skeletal mus-
cle, which contains fewer mitochondria. Since these
muscles can operate anaerobically for long periods
of time, they build up a significant oxygen debt.
What is not known is whether the primary cause of
cardiac dysfunction is inhibition of electron trans-
port at the level of cytochrome c oxidase and con-
sequent loss of ATP production or oxidative con-
ditions that lead to ischemic and/or reperfusion
injury. One report indicated that a patient with PH3

poisoning was favorably treated by enhancing the
preservation of oxidative metabolism and decreas-
ing MDA with the myocardial-protective, anti-
ischemic, drug trimetazidine.63 Chen and Zweier49

comment that oxidative impairment of complex I
during ischemia has been identified in several ani-
mal studies.

In contrast to the reports in rodents that PH3

affects mitochondrial respiratory chain activity at
the level of cytochrome c oxidase (complex IV),
other studies have shown that this may be depen-
dent on species. Earlier findings with PH3-treated
Rhyzopertha dominica indicated that inhibition of
cytochrome c oxidase activity does not occur in
vivo.64 This was supported by Jian et al.65 and Price
and Dance,66 investigating the effects of PH3 on
adult copra mites and beetles, respectively. There
may be a link between in vitro and in vivo PH3 uptake
and resistance to fumigation. This may be related to
the capacity of PH3 to penetrate the double mito-
chondrial membrane. An effective breach would
have a greater inhibitory effect on cytochrome c
oxidase.66 As noted earlier, ROS can damage or alter
nuclear and mitochondrial DNA. Zuryn et al.57

determined that this could be the direct result
of a dysfunctional respiratory complex affecting
genes that encode resistance against PH3 challenge,
especially in Caenorhabditis elegans. The specific site
was isolated to genes in respiratory chain complex
III using RNA interference following exposure to
PH3. Suppression of mitochondrial respiratory

chain genes has been shown to also lead to longevity
and phosphine resistance, nullifying the intended
use for fumigation.67,68 Specifically, longevity in
nematodes may be a result of the activation of
genes that encode components of the respiratory
chain, such as complexes I (NADH/ubiquinone
oxidoreductase), III (cytochrome c reductase),
and IV (cytochrome c oxidase).67 This would be
a major concern for end users in the application
of PH3 as a fumigant for insect control, making
its use obsolete and leading to the future develop-
ment of more intense pesticides. However, before
newer, more toxic pesticides are developed, more
precise mechanistic toxicology needs to be applied,
using consistent and reliable animal models to
understand the mechanisms of PH3 resistance.

Conclusions

PH3 toxicity has been shown to involve irreversibly
compromised metabolism. Mechanistically, this can
occur through metabolic crisis and/or the indirect
effect of metabolism-generated increased ROS pro-
duction, ultimately leading to cellular/target organ
collapse. This has had a profoundly deleterious
effect on survival rates in exposed individuals.
The extensive and global use of fumigants such
as metal phosphides can trigger serious health
consequences whether the exposure is accidental
or intentional. As we are all consumers of food
products stored in various ways, exposure to
pesticides affects nearly every human as a result of
their widespread use to protect nuts, fruits, vegeta-
bles, and grains. These pesticides and rodenticides
protect a multibillion-dollar industry. The insidious
exposure–response consequences, coupled to a
>70% mortality rate, present a major challenge
to healthcare providers, not only from a medical
countermeasure vantage point but also with regard
to potential off-gassing airborne contamination.
Knowledge of mechanistic toxicology is critical
for understanding how metal phosphides and/or
their by-products affect exposed individuals. It
is evident that, in some instances, toxicity is
directly aligned with failed metabolic function
and the inability to maintain cellular homeostasis.
Treatment of metal phosphide exposure is generally
supportive at this time because of the broad
systemic effects of toxicity coupled to the direct
effects on failed metabolism. Further investigation
into the precise relationships between exposure and
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metabolic and systemic toxicities will aid in develop-
ing a more rational approach to treatment and the
determination of temporal therapeutic windows.
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